This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. To study the relation of NOTCH3 and its gene polymorphisms with the chemotherapy response and the prognosis of patients with Non-small cell lung cancer (NSCLC). Methods: A total of 594 patients with advanced stage of NSCLC (IIIA, IIIB and IV) NSCLC were enrolled. All patients received Platinum-based chemotherapy. The NOTCH3 expression in tumors and its gene polymorphisms were determined. In vitro, several NSCLC cell lines received the NOTCH3 over-expression vector and small interfering RNA (siRNA) to study the role of NOTCH3 in regulation the cellular biological behaviors. Results: The genotype and the allele frequencies of NOTCH3 gene polymorphisms at 605C>T and 1735T>C were not significantly different between good responders and poor responders to chemotherapy. However, high NOTCH3 expression in tumor represented a significantly higher possibility of being resistant to chemotherapy. Also, patients with high NOTCH3 expression had a poorer prognosis than those with low NOTCH3 expression. In vitro studies showed that NOTCH3 inhibition dramatically suppressed the proliferation, migration, invasiveness abilities and prompted apoptosis in NSCLC cells. Conclusion: NOTCH3 regulates the cellular behavior, including, proliferation, migration, invasiveness abilities and apoptosis of NSCLC cells. NOTCH3 may be used as a marker to predict the chemotherapy response and prognosis of advanced NSCLC.
Introduction
Platinum-based chemotherapy is the standard first-line chemotherapy for advanced Non-small cell lung cancer (NSCLC). However, more than one third patients receiving Platinum-based chemotherapy encounter drug resistance, which dramatically influences the clinical outcome of patients [1] [2] [3] . The identification of new maker predicting the chemotherapy response is important to improve the prognosis of patients with NSCLC. Recent studies show that the individual genetic background of patients plays important role in determining the chemotherapy response in NSCLC patients [4] [5] [6] [7] [8] .
NOTCH3 is a member of the NOTCH signaling pathway which includes NOTCH ligands, NOTCH receptors, and transcription factors [9] . NOTCH signaling activation has been demonstrated to be involved in carcinogenesis [10, 11] . Aberrant activations of Notch signaling pathways are associated with the pathogenesis of NSCLC [12] . The NOTCH3 is overexpressed in NSCLC cell lines and this over-expression is accompanied by chromosome 19 translocation [13] . In contrast, inhibition of the Notch3 pathway dramatically reduces cancer cell growth via decreasing phosphorylation of the mitogen-activated protein kinase [14] . In a genetically engineered murine models of NSCLC, tumor cells with induced expression of NOTCH3 had a increased tumorigenicity [15] . A recent study shows that NOTCH3 overexpression is related to the recurrence of ovarian cancer and confers resistance to carboplatin [16] , suggesting that NOTCH3 may be used as a prognostic biomarker and therapeutic target in ovarian cancer.
Two genetic polymorphisms of NOTHC3 gene have been reported. The 605C>T polymorphism locates in exon 4 and causes an alanine to valine amino acid change at position 202. The 1735T>C mutation locates in exon 11 and causes a cysteine to arginine amino acid change at position 579 [17] . To date, little is known about the relation between tumor NOTCH3 expression and its gene polymorphisms and the chemotherapy response, clinical feature and prognosis of NSCLC. In this study, we enrolled advanced NSCLC patients undergoing Platinum-based chemotherapy to test this association. Additionally we also conducted in vitro experiment to explore the role of NOTCH3 in cell biological behavior of cancer cells.
Materials and Methods

Patient enrollment
A total of 594 patients with advanced stage of NSCLC, namely, stage III (A+B) and IV NSCLC, confirmed cytologically or histologically were enrolled into this study. To avoid the potential influence of poor clinical conditions on chemotherapy response, other eligibility criteria included: normal blood chemistries (hemoglobin >9 g/dl, neutrophil count >1500/mm3 and platelet count >100 000/mm3), hepatic function (bilirubin<1.5 times the normal upper limit, aspartate aminotransferase and alanine aminotransferase <2 times the normal upper limit) and renal function (Creatine clearance rate >50 ml/s), and normal electrocardiogram at the beginning of treatment. Smokers were defined as those who had smoked more than one cigarette per day and more than 1 year in their lifetime. Exclusion criteria included symptomatic brain metastases, spinal cord compression, uncontrolled massive pleural effusion and previously received chemotherapy and other chronic disease. The study was approved by the ethics committees of our hospital and written informed consent was obtained from each participant.
Chemotherapy regimens and therapeutic effect evaluation
All patients had received platinum-based chemotherapy after diagnosis. Patient responses to treatment were determined by the WHO criteria [18] , which classify the response into four categories: complete response (CR), partial response (PR), stable disease (SD), and progressive disease [19] . CR and PR were combined as responders, and SD and PD were grouped as non-responders. The chemotherapy response was assessed by two independent oncologists who were blind to our study. Overall survival (OS) and progression free survival (PFS) were the end points in this study. OS was calculated from the date of NOTCH3 genotyping DNA was extracted from peripheral whole blood using a Qiagen DNA Isolation Kit (Qiagen, Valencia, CA, USA). The NOTCH3 sequencing was performed as previously described [20] . Briefly, 5 μl of PCR product was made to a total of 10 μl reaction. The cycling conditions for this step were: (37 °C -15 min) -1 cycle, (80 °C -15 min) -1 cycle and (4 °C -2 min) -1 cycle. The subsequent step was the labelling reaction carried out using ABI BigDye™ Terminator (BDT) v3.1 Cycle Sequencing chemistry. Cycling protocol for BDT reaction: (96 °C -1 min) -1 cycle, (96 °C -10 s, 50 °C -5 s, 60 °C -4 min) -30 cycles, and (4 °C -5 min, 10 °C -5 min and 4 °C -2 min) -1 cycle. Following this, the samples were purified and concentrated using ethanol precipitation with sodium acetate, EDTA and ethanol. We performed sequencing on an ABI 3130 Genetic Analyser .
Immunohistochemical analysis and evaluation
Tumor samples were obtained from the biopsy before the start of chemotherapy. The non-cancerous lung tissues were obtained from 14 patients receiving biopsy due to non-tumor diseases. The tissues were fixed, paraffin embedded, and cut to 5-μm-thick sections for immunohistochemistry. Briefly, the slides were incubated with Rabbit polyclonal antibody to NOTCH3 (1:200, Abcam (ab60087) USA). The immunoreactive products were visualized by the catalysis of 3,3′-diaminobenzidine . NOTCH3 expression were classified semiquantitatively by immunoreactive score according to the method described previously [21] . NOTCH3 staining was defined as low expression (IRS: 0-5) and high expression (IRS: 6-12).
Tumor Cell line Culture and small interfering RNA (siRNA) transfection for NOTCH3
Three human NSCLC cell lines, namely, H292, A549, Calu-3 were cultured to 90% confluence before small interfering RNA (siRNA) transfection. The double-stranded short interfering RNA (siRNA) for NOTCH3 (50-GUCAAUGUUCACUUCGCAGUU-30 and 50-GCGUGGAUUCGGACCAGUCUGAGAGGG-30) was synthesized from Genechem (Shanghai. China).
NOTCH3 over-expression retrovirus vector
The NOTCH3 intracellular domain (NICD3; amino acids 1663 to 2312) retrovirus vector was a gift from Dr Xiaohau Huang from Dalian medical university. Briefly, the PCR product of the NOTCH3 intracellular domain was cloned into an expression vector, pcDNA6, with a V5 tag. The coding sequence of NICD3-V5 was subcloned into the pBabe-puro retroviral vector, and high-titer retroviral stocks were generated [22] . Cells infected with the empty pBabe-puro retroviral vector were used as controls.
MTT Cell Proliferation Assay
Cells were seeded in a 96-well plate right after si-RNA transfection. The medium was discarded and 100 μl of dimethyl sulfoxide was added to each well. Absorbance was measured at a wavelength of 562nm using an ELISA microplate reader (Bio-Rad, Hercules, CA, USA). Assays were repeated at least three times.
Cell invasion and migration assay
The cell invasion and migration ability was evaluated using transwell inserts with 8 µm pores (BD Biosciences, San Jose, CA, USA). For invasion assay, 2×10 5 cells in serum free medium were added to each upper compartment of the chamber pre-coated with matrigel matrix (BD Biosciences, San Jose, CA, USA). After incubation for 48 hours, noninvasive cells were removed from the upper surface of the transwell membrane, and migrated cells were fixed with methanol, stained with Giemsa and photographed under the microscope. For migration assay, 2×10 5 cells were placed into the top chamber without matrigel matrix pre-coated. Finally, the cells in lower compartment of the chamber that had invaded to the basal side of the membrane were counted using a light microscope in 5 random visual fields (×200).
Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay
The apoptotic cells in heart tissue and cultured cells were detected by in situ DeadEndTM Colorimetric Apoptosis Detection System (Promega, Madison, WI) according to the manufacturer's instructions. Briefly, sample slides were washed in PBS and then fixed in 4 % paraformaldehyde solution. Sections were incubated with terminal deoxynucleotidyl transferase enzyme in a humidified chamber at 37 °C for 60 min. The reaction was terminated by transferring the slides to 2× sodium citrate saline solution. The sections were counter stained with DAPI. For quantitative analyses, 5 fields per section were selected. Apoptosis was indexed by counting TUNEL positive cells per 100 nuclei per section [23] .
Cisplatin cytotoxicity assay
Cell lines were seeded at 1×10 4 cells per well in 96-well plates, and were transfected by NOTCH3 siRNA and NOTCH3 over-expression retrovirus vector for 48h, and subsequently exposed to cisplatin at final concentrations of 0.5, 1.0, 2.0, 4.0 or 8.0 ug/ml for 24h in triplicate wells. Cell survival was determined using a previously described colorimetric MTT assay. Mean cell viability was calculated by the ratio of absorbance units of transfected cell samples to the mean absorbance units of the control cell samples. All the experiments were repeated at least three times. The IC50 value is defined as concentration of cisplatin that is required for a 50% reduction in absorbance calculated from the growth curves.
Statistical Analyses
Association between NOTCH3 expression status and clinical parameters were studied using chisquare test, or independent t tests. Multivariate analysis was performed using the Cox proportional hazards model selected in forward stepwise. The hazard ratio (HR) (OR) and 95% confidence intervals (CIs) were calculated. Survival was analyzed using the Kaplan-Meier method. The log-rank test was used to analyze survival differences. The data in proliferation rate, migration, invasiveness, cisplatin cytotoxicity assays between NOTCH3 si-RNA, NOTCH3 over-expression vector and their controls were compared by using t tests. P < 0.05 was considered statistically significant. All analyses were performed by using SAS software (version 9.2, USA).
Results
NSCLC Patient Characteristics
Among all enrolled patients, 214 patients were assigned as good responders (CR + PR) and 380 were poor responders to chemotherapy (SD + PD). No significant differences were noted in mean age, gender distribution, histology type and chemotherapy agent between the chemotherapy responder and non-responders (Table 1) . However, the poor responders Genotype frequencies of NOTCH3 polymorphisms in good responder andpoor responders were found to be in Hardy-Weinberg equilibrium (all P>0.05). The genotype and the allele frequencies of 605C>T and 1735T>C were not significantly different between two groups (all P>0.05, Table 2 ). In additional the NOTCH3 gene polymorphism did not correlate to the clinical features either (all P>0.05, data not shown).
Typical NOTCH3 staining in tumor samples is shown in Fig. 1 . NOTCH3 is mainly localized in the cytoplasm and cell membrane. NOTCH3 is weakly expressed in the non-cancerous lung tissues. Of 214 good responders, 67 (31.31%) had high NOTCH3 expression. In contrast, of the poor responders, there were 311 (81.84%) had high NOTCH3 expression. Multivariate logistic regression analysis reveals that high NOTCH3 expression represented a significantly higher possibility to be non-responder to chemotherapy in NSCLC patients with adjustment with age, sex, smoking status, histology , differentiation, chemotherapy regimens (adjusted OR=8.765, 95CI: 6.654-11.543, adjusted P<0.001). Also, NOTCH3 is associated with higher tumor stage (Adjusted OR=2.012, P=0.0013), and poorer differentiation status (adjusted OR=3.543, P<0.001).
Prognosis analyses shows that patients with high NOTCH3 expressions had markedly shorter PFS and OS than those with low NOTCH3 expressions (PFS: 7.9±3.6 vs. 9.8±4.1, months, and OS: 10.4±3.8 vs. 16.7±3.1, months, both P <0.001 by log-rank test). KaplanMeier survival curves for PFS and OS are shown in Fig. 2a and 2b , respectively. Univariate and multivariate analyses were performed by using Cox proportional hazard model to evaluate the impact of NOTCH3 expression on the prognosis of NSCLC (Table 4) . Univariate and multivariate analyses confirmed that NOTCH3 expression was associated with the PFS and OS of NSCLC patients (Table 3) . Patients with low NOTCH3 expression had poorer prognosis (PFS: adjusted HR=2.675, adjusted P<0.001; OS: adjusted HR=4.889, adjusted P<0.001). In addition, the tumor stage and differentiation status is responsible for the PFS and OS as well (Table 4) .
NOTCH3 inhibition and over-expression on the proliferation, migration and invasion abilities as well as apoptosis of NSCLC cell lines
Western blot results show that the NOTCH3 protein expressions in NSCLC cell lines were significantly inhibited by si-RNA silencing technique (Fig. 3) and dramatically increased by NOTCH3 retrovirus vector transfection. The cell proliferation assays revealed the cell growth rate, migration and invasiveness abilities were all significantly decreased in NSCLC cell lines receiving NOTCH3 si-RNA transfection. Meanwhile, they are significantly increased after NOTCH3 over-expression (Fig. 4a-c) . However, the apoptosis rate was dramatically increased by NOTCH3 inhibition and decreased by NOTCH3 over-expression in these cells (Fig. 4d) .
The chemosensitivity of NSCLC cell lines to cisplatin after Notch3 inhibition and overexpression
Exposure of H292, A549, Calu-3 cells receiving NOTCH3 si-RNA transfection and overexpression cells to different concentrations of cisplatin induced significant proliferative (Fig. 5 a,b and c, respectively) . The IC50 concentration of cisplatin for NOTCH3 si-RNA transfected cells decreased significantly than control si-RNA cells (all P<0.001), and that for NOTCH3 over-expression markedly increased the IC50 concentration of cisplatin in these cell lines compared to control vector transfection (all P<0.001).
Discussion
Notch signaling pathway plays an important role in the normal lung development and the dysregulation of Notch signaling has been implicated in various lung diseases including lung cancer [24] . Previous studies have shown that the over-expression of NOTCH3 is associated with poor prognosis in human NSCLC patients [25, 26] . However, it is not clear whether the expression level of NOTCH3 in tumor is related to the treatment response to Platinum based chemotherapy. Our results show that high NOTCH3 expression represented significantly higher possibility for being poor responder to chemotherapy in NSCLC patients with adjustment with age, sex, smoking status, histology, differentiation. Moreover, higher tumor NOTCH3 expression predicted poor PFS and OS in these patients.
Our in vitro studies show that the over-expression of NOTCH3 is related to increased cell growth rate, migration and invasiveness abilities, but decreased apoptosis rate in three NSCLC cell lines. Meanwhile, we also found that NOTCH3 si-RNA transfection in these NSCLC cell lines reversed these above mentioned cellular biological behaviors. In addition, the chemosensitivity of these NSCLC cells changed with their NOTCH3 expression levels. These in vitro data, combined with our clinical data, suggest that activation of the NOTCH3 is involved in the regulation of NSCLC cancer cell behaviors and the chemosensitivity to anti- It is reported that the polymorphism in the NOTCH3 gene is related with cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy [27] . However, whether the polymorphism of NOTCH3 is related with chemotherapy response in NSCLC patients remain unknown. Our results did not show positive association of the polymorphism of NOTCH3 gene with the clinical feature and chemotherapy response in NSCLC patients. There results confirmed that it is the expression level of Notch 3 protein, not its gene polymorphism, which is associated with the chemotherapy response of advanced NSCLC patients.
Previous studies showed that pharmacologic treatment of mice carrying autochthonous NSCLCs with a γ-secretase inhibitor (GSI), a notch signal inhibitor, blocks cancer growth [28] [29]. Our results show that the chemosensitivity of NSCLC cells increase when the expression level of NOTCH3 was down-regulated. Therefore, our results suggest that NOTCH3 signal could be a therapeutic target for the chemotherapy non-responders in NSCLC patients.
Several limitations should be addressed in this study. Firstly, this is a single center study and the sample size is relatively small. Thus, the utility of NOTCH3 expression as markers for chemotherapy response and prognosis of NSCLC patients warrants further confirmation. Secondly, like the other Notchs, the nuclear localization of NOTCH3 is essential for its activation. In this study, we detected only total expression of NOTCH3. The nuclear translocation of NOTCH3 from cytoplasma into nucleis was not analyses. This is another major limitation of this study.
In summary, our data show that NOTCH3 participates in regulation of chemosensitivity to cisplatin in NSCLC cells. Over-expression of NOTCH3 in tumor is associated with poorer treatment response to chemotherapy and worse prognosis in NSCLC patients treated with Platinum-based chemotherapy
